I. INTRODUCTION
ZnO is a multifunctional semiconductor material with a wide-direct-bandgap ͑ϳ3.37 eV at room temperature͒ and large exciton binding energy ͑60 meV͒. Recently, it has stirred new interest as a promising optoelectronic material in UV lasers, light-emitting diodes, and solid-state lighting. [1] [2] [3] Optical properties of both bulk and nanostructured ZnO have been intensively studied. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] In particular, one-dimensional ZnO nanostructures have attracted a great attention with a possibility to develop nanoscale electronic and optoelectronic devices. [1] [2] [3] 12 Generally, the photoluminescence ͑PL͒ from ZnO consists of a UV and a deep-level emission band called green band ͑GB͒. For ZnO nanostructures, the GB is caused predominantly by oxygen vacancies ͑V O ͒, through either radiative recombination involving single ionized oxygen vacancies ͑V O · ͒ ͑generally accepted hypothesis͒ 9, 10 or deeply trapped holes in V O ·· , 15, 16 which cannot be passivated by simply annealing in oxygen. 18, 19 An important question is the suppression of defect emission for practical applications, either by varying the fabrication conditions or by postfabrication treatment. On the other hand, surface modification is a promising way to enhance the functionality of tailored nanostructures. Passivation of defect emission and enhancement of UV emission from as-grown ZnO nanoparticles and nanowires ͑NWs͒ have been previously achieved by various methods, such as forming core-shell structures with wide bandgap materials or polymers. [20] [21] [22] A general solution is necessary for various kinds of ZnO nanostructures to improve their optical properties for practical applications such as UV lasing nanodevices.
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Recently, we have reported a structural and temperature dependent band-edge emission by the Ti plasma immersion ion implantation ͑PIII͒ modified ZnO nanocombs ͑NCBs͒.
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In this paper, we shall compare the modification effect of GB emissions from three different ZnO nanostructure systems: NCBs, random nanowires ͑RNWs͒, and aligned nanowire ͑ANWs͒ by PIII technique with bias voltages ranging from 0 to 10 kV. Gradual GB quenching and drastic UV emission enhancement has been observed in the ANW system, revealing a deeper GB origin compared to NCB and RNW systems. The PL modified by Ni-PIII shall be studied in detail.
II. EXPERIMENT
The ZnO nanostructures were grown by vapor phase transport method from ZnO ͑99.99%, Alfa Aesar͒ and graphite powder ͑99.99%, Aldrich͒ ͑1:1 wt %͒ on the Si ͑111͒ substrate precoated with a 20 nm Au film. The source was placed in the center of a horizontal tube furnace maintained at 950°C, and the substrate was placed at a temperature zone of 650-450°C for collecting ZnO nanostructures. ZnO ANWs, RNWs, and NCBs were fabricated by varying the O 2 flow rate from 2 to 10 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ while keeping a constant Ar flow rate at 100 SCCM. The as-grown ZnO nanostructures were directly treated with Ni-PIII. Detailed process can be found elsewhere. 7 During the treatment, negative pulse voltages of 0, 2, 5, and 10 kV were applied to the sample for 1 -5 min. The ion dose was estimated to be ϳ1 ϫ 10 15 ions/ cm 2 for a 5 min treatment with 10 kV bias ͑maximum ion dose conditions in this work͒. The substrate temperature has been monitored to be below 100°C. The morphology and lattice structure were characterized by scanning electron microscopy ͑SEM͒ ͑JSM-5910LV͒ and transmission electron microscopy ͑TEM͒ ͑JEM-2010͒, respectively. The crystal structures were characterized by powder x-ray diffraction ͑XRD͒ using a Siemens D5005 XRD diffractometer with Cu K␣ 1 line operated at an accelerating voltage of 40 kV. Room temperature a͒ Author to whom correspondence should be addressed. Electronic mail: exwsun@ntu.edu.sg. PL measurements were carried out using a Renishaw micro-PL system with a 325 nm He-Cd laser as the excitation source.
III. RESULTS AND DISCUSSION
Figures 1͑a͒ and 1͑b͒ show the representative SEM images of ZnO NCBs, RNWs, and ANWs, deposited on Si at a constant Ar flow and an O 2 flow rate of 10, 4, and 2 SCCM, respectively. The NCBs are grown in higher O 2 flow in comparison with that of NWs. The as-grown ZnO NWs showed very uniform diameters and length covering large area of the substrate ͑1 ϫ 1.5 cm͒. The average diameters of RNWs and ANWs are ϳ50 and ϳ150 nm, respectively, while the average lengths are ϳ10 and ϳ4 m, respectively. It is obvious that in our experiment, by increasing O 2 flow from 2 to 4 SCCM, the length of the NW is increased and therefore faster growth speed in c-axis. However, they bundle together easily when they grow longer. As shown in Fig.  1͑d͒ , the XRD patterns corresponding to Figs. 1͑a͒-1͑c͒ have a strong and sharp peak from the ͑0002͒ plane with decreasing O 2 , confirming the c-axis preferred orientation of NWs. Therefore, in an O 2 -rich environment, ZnO prefers to grow into comb morphology, whereas when O 2 is deficient, ANWs are preferred, due to a self-catalytic growth process.
12 This is consistent with previous studies on the controlled growth of ZnO NWs and combs. 8, 23 In addition, there was no noticeable change before and after PIII treatment in the morphology and ͑0002͒ diffraction peak position according to SEM and XRD analysis. In fact, from the SRIM, 24 the implant depth corresponding to projected range of Ni ions into ZnO crystal is around 0.4, 2.5, 4.3, and 6.7 nm for 0, 2, 5, and 10 kV bias voltages, respectively. In comparison with the diameter of NCB fingers and NWs ͑50-100 nm͒, the PIII in our experiments only modified the subsurface of ZnO. Figure 2͑a͒ shows a low-magnification TEM image of a typical NW taken from the ANW sample after 5 min 10 kV Ni-PIII with the corresponding selected area electron diffraction ͑SAED͒ pattern shown as inset. Irregular dark and bright regions of the TEM image indicate that Ni implantation is all over the NW. Figures 2͑b͒ and 2͑c͒ show the high-resolution TEM ͑HRTEM͒ images of the NW edge facing the coming Ni ions ͑enclosed area B͒ and the side surface of the NW parallel to the Ni ions implantation direction ͑enclosed area C͒, respectively. The lattice spacings of 0.26 and 0.28 nm correspond to the d-spacing of ͑0001͒ and ͑0110͒ planes of wurtzite ZnO, respectively, confirming the ZnO NWs are preferentially oriented in the c-axis direction. No Ni/ NiO x coating or new complex crystal phase could be seen in the HRTEM, indicating atomic level incorporation of Ni ions into the ZnO crystal. Metal aggregation and crystallization were avoided due to low thermal spike energy and low Ni ion dose. Although ZnO is a very irradiation resistant material, due to the high bonding ionicity and the confined energy dissipation in the nanostructure, 25 the lattice damage becomes observable in HRTEM upon 10 kV PIII. As pointed out with black arrows in Fig. 2͑b͒ , several line defects could be found in the tip facing the coming Ni ions. The corresponding back and forth fast Fourier transformation ͑FFT͒ from Ϯ0001 diffraction spots of Fig. 2͑c͒ ͑inset͒ is shown in Fig. 3͑d͒ , the line defects could be seen clearly within the ͑0001͒ planes.
The representative PL spectra of Ni-PIII surface modified ZnO NCBs and RNWs are shown in Figs. 3͑a͒ and 3͑b͒ , respectively. The bias voltages applied for both NCBs and RNWs were optimized to achieve the best PL enhancement. All the samples showed strong NBE emission in this work ͓see also Fig. 4͑a͔͒ excited by a constant laser power ͑ϳ400 W / cm 2 , 1%͒. For the untreated ZnO, relatively weak near-bandgap ͑NBE͒ emissions can be seen at ϳ3.26 eV, with broad and strong GB emissions peaking around 2.3 eV. The GB emission is significant in all the as-gorwn ZnO nanostructured systems in our experiments. For NCB and RNW systems, since the large surface of ZnO nanostructure strongly attracts impurities on the surface, where free excitons ͑FX's͒ are trapped to form surface exciton's ͑SX's͒ at low temperature, NBE emission enhancement can be ob-FIG. 1. ͑Color online͒ ͓͑a͒-͑c͔͒ SEM images of ͑a͒ NCBs, ͑b͒ RNWs, and ͑c͒ ANWs. ͑d͒ Corresponding XRD spectra of these three morphologies, with the intensities normalized separately to their maximums.
FIG. 2. ͑a͒
Low-magnification TEM images of the typical NW modified by 5 min 10 kV Ni-PIII. The inset shows the corresponding SAED pattern. ͓͑b͒ and ͑c͔͒ HRTEM images of ͑b͒ the edge facing the coming Ni ions ͑enclosed area B͒ and ͑c͒ the surface paralleling the coming direction of Ni ions ͑enclosed area C͒, respectively. ͑d͒ Back and forth FFT from Ϯ0001 diffraction spots of ͑c͒.
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Yang et al. J. Appl. Phys. 103, 064307 ͑2008͒ served due to SX quenching on the surface. 7 In addition, both nanostructure systems showed completely quenching of GB emission after PIII treatment with the bias voltage varied from 0 to 10 kV. This GB passivation also contributes to significant enhancement of UV emission ͓see Figs. 3͑a͒ and 3͑b͔͒, where FX recombination is enhanced at room temperature due to modification/passivation of both surface states ͑origin of SX͒ and surface defects ͑origin of GB͒. 26 The origin of GB has been studied extensively, which is generally attributed to the transition of native defects such as singly ionized oxygen vacancies ͑V O · ͒, 10 and there are evidences showing that it is located at surface. [20] [21] [22] The complete quenching of surface located GB emission ͑close to background noise͒ suggests that the origin is located with no more than 0.5 nm in depth according to ion implantion depth. However, complete passivation of GB emission after shallow surface modification ͑0 kV PIII͒ does not apply to ANWs deposited with only 2 SCCM flow of O 2 ͑O 2 -deficient situation͒.
The PL spectra of Ni-PIII treated ZnO ANWs are shown in Fig. 4͑a͒ . It is worth mentioning that special cares on sample preparation and measurement have been taken to make sure that the PL results are reliable and comparable. Firstly, the ANW samples for PIII treatment were grown in a single run inside the same constant temperature zone in the furnace. Secondly, the PL measurements for the as-grown, 0, 2, 5, and 10 kV PIII treated ANW samples were carried out together with the same measurement setup and sample alignment. It can be seen from Fig. 4͑a͒ that green emission quenching is achieved by Ni-PIII with the bias voltage increased from 0 to 10 kV, where the intensity is close to background noise after 10 kV PIII treatment. The NBE emission enhancement, on the other hand, reaches maximum with a bias voltage at 5 kV, which is not linearly related to bias voltage. The redshift ͑10-17 meV, 1 -3 nm͒ of NBE emission is significant at higher bias voltage and ion dose ͑up to 5 min 10 kV, ion dose of ϳ10 15 / cm 2 ͒, whereas peak broadening is not observable. The redshift of NBE emission can be attributed to the relative contributions of FX, FX-1LO, and FX-2LO altered by surface modification. 17 As shown in Fig.  4͑b͒ , the intensity of GB decreases gradually with applied bias voltage and correlates quite well with the ion implantion depth. The inset in Fig. 4͑b͒ shows the UV/GB improvement after PIII treatment. For this ANWs, the correlation between GB suppression ͑y͒ ͑ratio of after PIII to as-grown GB intensity͒ and ion implant depth ͑x͒ can be expressed as y = y 0 + ae −x/b experimentally, where y 0 = 0.003 ͑0.3% of the as-grown GB intensity͒ is the bulk contribution to GB emission and a and b ͑0.28 and 1.7, respectively͒ are the fitted parameters. It can be seen from the inset that the ratio increases linearly with the bias within experimental range ͑10 kV͒. It reaches around 100 times by 10 kV PIII. In addition, we also observed similar visible luminescence quenching, and UV enhancement by applying Ti-and FePIIIs. Similar to our previous analysis, we can conclude that the GB origin is ϳ7 nm in depth corresponding to the ion implant depth, which is much deeper than that of NCBs and RNWs. The results correlate well with the growth condition of ANWs where lowest O 2 flow was used among the three morphologies. It is worth mentioning that the depth of GB origin is different from the thickness of surfacerecombination layer, 14, 27 which includes a certain effective diffusion length. The GB distribution and depth depend on growth conditions, especially the O 2 concentration just like what we showed in this paper.
Based on the proposed hypotheses on the GB emission mechanism, the GB quenching could be attributed to passivation of the hole trapping sites such as V O · ͑Refs. 9 and 10͒ and/or electron trapping sites such as V O ·· ͑Refs. 15 and 16͒ at the surface by implanted Ni ions, and therefore blocking the radiative transition recombination between the photoexcited holes in the valence band ͑or shallowly trapped holes͒ and the electrons in V O · and/or the photoexcited electrons in the conduction band ͑or shallowly trapped electron͒ and the deeply trapped holes in V O ·· . The Ni-PIII treated ZnO is observed to have an enhanced conductivity ͑not shown here͒, which implies that the incorporated Ni ions act as shallow donors.
The depth of native defect such as oxygen vacancies correlates to the band bending and depletion width of the subsurface of nanostructure, which are closely related to the various properties of ZnO, such as photosensitivity, gas sensitivity, field emission property, etc. 10, 14, 28 Therefore, study of the depth of native defect also helps us to understand the diverse responses of various kinds of morphologies of ZnO in photodetector, gas sensing, field emission, etc. Using gas sensing as an example, generally, there are two main approaches to enhance the sensitivity, the first one is to obtain nanostructures of small size and large surface area, 29 and the second one is to control the depletion width. 30 From our surface passivation study of ZnO nanostructures, the product grown in O 2 -deficient environment could have a significantly deeper defect-containing ͑depletion͒ layer, which is expected to have a better sensitivity compared to those grown in O 2 -suficient environment. Moreover, by applying PIII surface modification, which is a nondestructive and welldeveloped technique, we can quench the GB emissions of various origin depths. PIII should have potential for practical applications on surface modification of nanostructures.
IV. CONCLUSION
In conclusion, by applying Ni-PIII surface modification/ passivation on ZnO NCBs, RNWs, and ANWs, we have probed the depths of the corresponding defects responsible for GB emission for the nanostructures grown at different oxygen ambients. Quenching of GB luminescence and enhancement of UV/GB ratio has been achieved. The GB of ANWs was gradually quenched by increasing bias voltages from 0 to 10 kV and showed deeper depth ͑ϳ7 nm͒ of subsurface located GB origin than that of NCBs and RNWs ͑ϳ0.5 nm͒. The emission quenching can be attributed to passivation of surface hole/electron trapping sites by Ni ions. The PIII technique has been demonstrated to be suitable for nondestructive surface modifications on nanostructures to achieve enhanced optical properties. It is a useful tool to directly probe the surface native defect depth in terms of the ion implantation depth, which is also closely related to the surface-sensitive properties and applications of metal oxides. 
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